1. Introduction {#sec1-materials-13-02195}
===============

Designing high-power vertical-cavity surface-emitting lasers (VCSELs) that operate on a single lateral optical mode is still a challenge. A common way to achieve single-mode emission is to make a relatively small electrical aperture (around 4 µm) \[[@B1-materials-13-02195],[@B2-materials-13-02195],[@B3-materials-13-02195]\]. However, small apertures result in increased differential resistivity, higher current densities, and stronger heating \[[@B4-materials-13-02195]\]. These effects limit the laser output power to less than 1 mW \[[@B5-materials-13-02195],[@B6-materials-13-02195],[@B7-materials-13-02195]\]. Various approaches have been considered to overcome this limitation, like use of graphene-bubble dielectric distributed Bragg reflectors (DBRs) \[[@B8-materials-13-02195]\], double cavities \[[@B4-materials-13-02195],[@B9-materials-13-02195]\], shallow relief \[[@B10-materials-13-02195]\] zinc-diffusion with oxide-relief \[[@B11-materials-13-02195],[@B12-materials-13-02195]\], and grating couplers \[[@B13-materials-13-02195],[@B14-materials-13-02195],[@B15-materials-13-02195]\]. One of the promising possibilities is the application of antiresonant reflecting optical waveguides (ARROWs) within the VCSEL structure \[[@B16-materials-13-02195],[@B17-materials-13-02195],[@B18-materials-13-02195],[@B19-materials-13-02195]\]. Several such approaches have been successful, including a simplified version of the ARROW structure (S-ARROW) containing a low-index core surrounded by a single high-index ring. With this structure, substantial mode discrimination has been observed for 980 nm VCSELs with a core diameter of 8--12 µm \[[@B20-materials-13-02195],[@B21-materials-13-02195],[@B22-materials-13-02195],[@B23-materials-13-02195],[@B24-materials-13-02195],[@B25-materials-13-02195],[@B26-materials-13-02195]\].

In a previous work \[[@B27-materials-13-02195]\], we introduced an S-ARROW structure directly into the VCSEL cavity, inside the device aperture (i.e., on its axis). The structure was in the form of an oxide island manufactured with a planar oxidation technology \[[@B28-materials-13-02195],[@B29-materials-13-02195]\]. We showed that such an oxide island can have a strong impact on the lateral modes in the VCSEL. Their optical losses do not change monotonically with the island size, but are of an oscillatory nature. We proved that these oscillations are caused by the distorting effect of the island, which has a low-refractive-index, on the spatial profiles of the modes. For low island sizes, the modes have a tendency to focus on the high-effective-index region outside its radius, while with larger islands they are confined within it. To our knowledge, this was the first demonstration of the impact of an S-ARROW structure buried in the laser. Because the oscillations were different for modes of different orders, we identified a set of parameters for which the optical losses of one of the modes were significantly smaller than those of the others. For those parameters, the investigated laser had strong potential for being a single-mode device.

The main drawback of the analysis presented in \[[@B27-materials-13-02195]\] was the fact that it was a purely cold-cavity analysis, which did not consider the impact of the oxide island on the current flow. In the present article, we address this gap by investigating not only the optical modes but also the current flow and the resulting temperature distribution inside the laser structure. As a consequence, we can propose a design for a 850 nm VCSEL with improved modal discrimination, capable of single-lateral-mode high-power emission.

2. Methodology {#sec2-materials-13-02195}
==============

In order to investigate the impact of the oxide island on the thermo-electric properties the analyzed device, we performed a rigorous finite-element analysis of the current flow coupled with heat dissipation. Details of the numerical model used for this purpose are presented elsewhere \[[@B30-materials-13-02195]\], so we provide only a summary here. In general, the computations are based on the finite-element method with both electric and thermal conductivities dependent on temperature. This makes it necessary to perform the calculations in a self-consistent loop, in order to determine stable current and temperature distributions.

Since, due to the presence of a semiconductor junction, there is no simple linear relation between the voltage and the current \[[@B31-materials-13-02195],[@B32-materials-13-02195]\], the determination of the current density distribution also requires an iterative procedure. The number of iterations is usually significantly larger than the number of repetitions due to the thermal effects. Therefore, the thermal computations can be intermixed with the electrical computations and it is sufficient that the temperature distribution is updated once every 10--20 electrical iterations \[[@B33-materials-13-02195]\].

Once the temperature and current density distribution has been computed and the electric carrier concentration has been determined, we can compute optical gain distribution in the active region. This translates into the complex refractive index in the cavity and allows the hot-cavity optical modes to be determined. We also treat the refractive index as a complex quantity everywhere outside the active region, with the imaginary part resulting from material absorption. The already known temperature distribution allows consideration of the thermal lensing effect. However, we show later that this effect is significant only at high currents, while for low and moderate currents, its influence on the optical modes is minor compared to that of the oxide island.

The optical calculations are performed using both a fully vector plane-wave admittance method \[[@B34-materials-13-02195]\] and an effective-frequency method \[[@B35-materials-13-02195]\]. Although the latter is a scalar method and neglects the vector properties of light (it is therefore only capable of analyzing LP modes), we have verified that both methods yield consistent results. We determine the thresholds of all modes by requiring their net optical loss to be equal to zero (i.e., we do not need to compute the overlap integrals to approximate the threshold gain). Above the threshold, the carriers distribution in the active region is adjusted by considering the spatial hole burning effect and the optical modes are recomputed in a self-consistent loop in order to determine the emitted power.

3. Analyzed Structure {#sec3-materials-13-02195}
=====================

The investigated device, shown schematically in [Figure 1](#materials-13-02195-f001){ref-type="fig"} is an 850 nm VCSEL with the active region consisting of three 6.5-nm-thick active GaAs quantum wells separated by 4-nm-thick AlGaAs barriers. Inside the resonant cavity, with a thickness equal to 1.5 wavelengths of emitted radiation, there is a 40-nm-thick AlAs layer oxidized externally to create a 10 µm electrical aperture for current confinement. Such large aperture is typical for high-power devices \[[@B36-materials-13-02195],[@B37-materials-13-02195]\]. The resonant cavity is surrounded by 32 pairs of silicon doped n-type DBRs and 24 pairs of carbon doped p-type DBRs made of ${Al}_{0.2}$${Ga}_{0.8}$As/${Al}_{0.9}$${Ga}_{0.1}$As. In contrast to our previous work \[[@B27-materials-13-02195]\], we removed the oxidized island from the resonant cavity and placed it inside the subsequent layers of the top DBRs. When analyzing the impact of the island on optical and thermo-electric properties, we changed not only the diameter of the island but also its position. Setting the island further from the resonant cavity makes it possible to increase the diameter to a value greater than that of the electrical aperture (the results of this analysis are presented below). Both ring contacts are made of gold.

Technologies currently under development allow for the oxidation of areas inside laser structures during their processing. It is therefore possible to oxidize selectively buried layers of AlGaAs \[[@B28-materials-13-02195],[@B29-materials-13-02195],[@B38-materials-13-02195]\]. The process starts with the etching of micron holes in the epitaxial structure above the oxidized layer, by the use of standard lithography techniques. Oxidation follows through the holes and spreads inside the AlGaAs layer. The speed of oxidation depends both on the amount of Al in the material and on the thickness of the layer \[[@B39-materials-13-02195]\]. After the process of oxidation, the next phase of epitaxial growth can be performed and a stack of layers can be grown above the oxidized material. This technology enables the processing of an ARROW VCSEL with an oxide island, such as that described in this paper.

4. Impact of an Oxide Island on Current Flow {#sec4-materials-13-02195}
============================================

As can be seen in [Figure 1](#materials-13-02195-f001){ref-type="fig"}, if the oxide island is located in the lower part of the bottom DBR there is not much space for current flow between the oxidation layers. This should result in very strong current-crowding near the outer oxidation edges. Such an effect can be expected to increase with larger oxide island diameters and to decrease as the distance between the island and the cavity increases (i.e., when the island is located in more distant DBR layers), as this impacts the area at which the current may spread. To confirm this expectation, we computed the current density distributions in the active region for several voltage values. [Figure 2](#materials-13-02195-f002){ref-type="fig"} shows these distributions for a structure with no oxide island. Below 2 V, there is only slight current-crowding, increasing to a moderate level at higher voltages. The situation is different with an oxide island ([Figure 3](#materials-13-02195-f003){ref-type="fig"}). If the island is located close to the cavity (in the 1st DBR pair, [Figure 3](#materials-13-02195-f003){ref-type="fig"}a--c), it effectively blocks the current flow beneath it. In the case of a moderate distance (in the 6th pair, [Figure 3](#materials-13-02195-f003){ref-type="fig"}d--f), its impact is still visible. If it is placed in the 12th pair ([Figure 3](#materials-13-02195-f003){ref-type="fig"}g--i) or above, it has a minor impact on current-crowding (although there is still some).

The increase in current-crowding results in higher total structure resistivity, which is stronger for an island located closer to the cavity. The I-V curves ([Figure 4](#materials-13-02195-f004){ref-type="fig"}) reveal that with with the same voltage but larger islands the total current drops. This effect is very strong when the oxide island is located right next to the cavity, and becomes marginal if the island is placed far away. However, when the oxide island has a diameter of 5 µm or less, it has no visible impact on structure resistivity, regardless of its distance from the cavity. On the other hand, it does influence the current density distribution ([Figure 3](#materials-13-02195-f003){ref-type="fig"}), increasing in value directly outside the island aperture and decreasing in the center (compare [Figure 3](#materials-13-02195-f003){ref-type="fig"}a,d with the reference current distribution computed in [Figure 2](#materials-13-02195-f002){ref-type="fig"}, in the absence of an oxide island).

Although---even in the structure with no oxide island---current-crowding is evident for voltages above 2.5 V, the gain distribution is much more uniform due to the carrier diffusion. The gain profile shows a significant dip in the structure center only if the oxide island is located close to the cavity ([Figure 5](#materials-13-02195-f005){ref-type="fig"}a,b). However, if the the oxide island is located far enough away from the cavity (in the 12th DBR pair in this case), it only slightly influences the gain distribution ([Figure 5](#materials-13-02195-f005){ref-type="fig"}c). Hence, in this case, the antiresonant effect and its impact on the optical mode thresholds (analyzed in detail in the next section) is not affected by the distorted gain distribution.

It is important to mention that the profiles shown in [Figure 5](#materials-13-02195-f005){ref-type="fig"} do not consider the spatial hole burning effect. However, we have intentionally neglected it, as it gives the minimum modes discrepancy and helps to find the optimal structure \[[@B40-materials-13-02195],[@B41-materials-13-02195],[@B42-materials-13-02195]\]. The impact of the spatial hole burning is discussed in [Section 5](#sec5-materials-13-02195){ref-type="sec"}.

5. Lasing Conditions for Optical Modes {#sec5-materials-13-02195}
======================================

In order to understand the real impact of the oxide island on the modal behavior of the analyzed VCSEL, we determine threshold currents for lateral modes of different orders for various island diameters and positions. As stated in the introduction, we performed a similar analysis in a previous study for a cold cavity \[[@B27-materials-13-02195]\], and demonstrated strong oscillations in the optical losses, mainly in the ${HE}_{11}$ and ${HE}_{12}$ modes. Although the structure was slightly different than that considered in here---the oxide island was located inside the cavity (instead of in the top DBR) and the top DBR was dielectric---the physical mechanism causing these oscillations (the changing of the mode profiles due the differently sized islands) remains the same. We can therefore expect similar behavior in the current structure. However, this time we take a step further and consider the overlap between the gain and the optical mode profile which is distorted by the island, as well as the impact of the thermal heating caused by the current flow.

A good estimate of these effects is the threshold current, which is computed for each mode separately. We compute the threshold current for the dominant modes (namely ${LP}_{01}$, ${LP}_{02}$, ${LP}_{11}$, and ${LP}_{21}$) in the case of an island located around the 12th DBR pair. As shown in [Figure 4](#materials-13-02195-f004){ref-type="fig"} and [Figure 5](#materials-13-02195-f005){ref-type="fig"}, this distance is sufficient to avoid a significant increase in structure resistivity and to keep the gain distribution in the active region acceptably uniform. The results are shown in [Figure 6](#materials-13-02195-f006){ref-type="fig"}. As can clearly be seen, the modal behavior strongly depends on the distance of the oxide island from the cavity. When it is positioned below the 12th DBR pair, there are strong oscillations in the threshold current which increase with the island diameter. For more distant island locations, these oscillations are strongly suppressed and almost disappear.

For islands positions where oscillations occur, the strongest increase of the threshold current can be observed with diameters of around 10 µm, which is exactly the diameter of the outer oxidation located in the cavity. There are two possible reasons for this: an increase in the optical modal loss, or a decrease in the overlap between the light and the gain. [Figure 7](#materials-13-02195-f007){ref-type="fig"}a,b show the overlap factor for an island located in the 10th and 12th DBR pairs. This factor is a unitless value that should be 1 if the profile of the gain exactly matches the profile of the optical mode and 0 if there is no overlap at all. It is calculated as $$\eta = \frac{\int\! P\, g\, r\, dr}{\sqrt{\int\!\! P^{2}\, r\, dr\ \int\!\! g^{2}\, r\, dr}}$$ where *P* is the light intensity distribution, *g* is the material gain, and the integration is performed over the active region. As can be seen from [Figure 7](#materials-13-02195-f007){ref-type="fig"}c, there is no expected negative correlation between the overlap factor and the threshold. At the 10 µm island (where the threshold is highest), the overlap not only does not decrease but increases visibly to double the size of the overlap for the 15 µm island (for which the threshold is the lowest). This happens for all the analyzed modes. Hence, we conclude that for the analyzed island distances (9th--15th DBR pairs) the overlap between the optical mode and the gain has a negligible impact on the threshold current.

The oscillations in the threshold current are similar in character to the oscillations of the cold-cavity modal loss we investigated in \[[@B27-materials-13-02195]\]. There, we explained such oscillations in terms of the match/mismatch of the optical mode profile with the island aperture. In the present work, the situation is different, as the oxide island is located not in the cavity but in the top DBR. However, the origin of the threshold variations is the same: match or mismatch of the modal profile with the antiresonant oxide aperture. As evidence, we present the profiles of the optical modes in selected characteristic points (defined by the size of the oxide island and its vertical position, indicated with vertical gray dashed lines in [Figure 6](#materials-13-02195-f006){ref-type="fig"}), where the threshold currents presented show peculiar behavior ([Figure 8](#materials-13-02195-f008){ref-type="fig"}).

Regardless of the position of the island, it forces all ${LP}_{x1}$ modes to shift their maximum to the high-index region, which for closer islands increases their optical losses and, as a consequence, the threshold current. However, for an island size close to that of the outer aperture and larger, the modes shift back to the center and their profiles resemble those of the modes when there is no oxide island ([Figure 8](#materials-13-02195-f008){ref-type="fig"}a). As a result, modal losses are reduced. This also explains why the threshold stabilizes for islands significantly larger than the outer aperture.

The ${LP}_{02}$ mode behaves differently from the other modes. For example, for an island located in the 10th DBR pair, the ${LP}_{02}$ mode is pushed away to the outer radii (the primary maximum in the center widens and the secondary maximum shifts outside the outer aperture ([Figure 8](#materials-13-02195-f008){ref-type="fig"}c). This results in a rise in the threshold current. For wider islands, the secondary maximum disappears ([Figure 8](#materials-13-02195-f008){ref-type="fig"}d) and the threshold drops: it becomes the lowest of all the modes. If the island size reaches the outer aperture, all the modes but ${LP}_{01}$ have a strong (either primary or secondary) maximum at the aperture edge ([Figure 8](#materials-13-02195-f008){ref-type="fig"}e) and thus a very high threshold ([Figure 6](#materials-13-02195-f006){ref-type="fig"}b).

The role of the distance of the island from the cavity can be seen by comparing [Figure 8](#materials-13-02195-f008){ref-type="fig"}c with [Figure 8](#materials-13-02195-f008){ref-type="fig"}g,i, which show island sizes of approximately 6 µm. With a closer island, the ${LP}_{01}$ mode drops almost entirely to 0 at the axis and its profile resembles the profiles of the higher order modes (e.g., ${LP}_{11}$). When the island is located just two more DBR pairs further away, there is non-negligible light intensity in the device axis. For even further island, the fundamental mode drop in its region is minor ([Figure 8](#materials-13-02195-f008){ref-type="fig"}i). Similarly, comparison of [Figure 8](#materials-13-02195-f008){ref-type="fig"}e,h (made for an island of approximately 10 µm) reveals that in the latter case the mode profiles are almost completely undistorted when compared with the island-less structure ([Figure 8](#materials-13-02195-f008){ref-type="fig"}a). The closer island still strongly distorts the ${LP}_{21}$ mode, causing its threshold to rise.

From a practical point of view, the impact of the oxide island on the lasing threshold of different-order modes can be used to ensure single-mode operation of the laser. To achieve this goal, we must ensure that one of the modes is strongly preferred over the others. As the results presented in [Figure 6](#materials-13-02195-f006){ref-type="fig"} suggest, this is possible for islands located closer to the cavity, i.e., in the 9th or 10th DBR pair. [Figure 9](#materials-13-02195-f009){ref-type="fig"} shows the threshold discrimination in these cases, defined as $$D = \frac{I_{th}\left\lbrack 2 \right\rbrack - I_{th}\left\lbrack 1 \right\rbrack}{I_{th}\left\lbrack 1 \right\rbrack},$$ where $I_{th}\left\lbrack 1 \right\rbrack$ is the threshold current for the mode with the lowest threshold and $I_{th}\left\lbrack 2 \right\rbrack$ is the threshold current for the second lowest-threshold mode. The colors of the lines in [Figure 9](#materials-13-02195-f009){ref-type="fig"} indicate the mode which should start lasing first. It is known \[[@B40-materials-13-02195],[@B41-materials-13-02195],[@B42-materials-13-02195]\] that a large difference in the threshold, caused by a strong discrepancy in the optical losses, favors the lowest-threshold mode in the modal competition and provides single-mode emission in a wide driving current range.

Analysis of [Figure 9](#materials-13-02195-f009){ref-type="fig"} provides useful insights regarding the size and location of the oxide island that gives the highest discrimination. As can clearly be seen, an island of approximately 10 µm--11 µm in the 9th DBR pair should be optimal. However, in this case, all the modes are relatively lossy, the fundamental mode has a high threshold, and both the threshold and the discrimination vary very quickly with island size. Taking into account the limited precision of both the numerical analysis and the fabrication process, these parameters are not stable enough to be of practical use.

For an island in the 9th DBR pair, a much safer choice is a diameter of 8.8 µm, for which modal discrimination is 40%. In this case, the lowest threshold mode is ${LP}_{02}$ and its profile is the most Gaussian-like of all the modes, with the highest maximum located in the device axis ([Figure 8](#materials-13-02195-f008){ref-type="fig"}b). Much higher discrimination of around 80% can be achieved for a 10 µm island in the 10th DBR pair. The physical origin of the discrimination peak is the same as that of an island in the 9th DBR pair, which we consider impractical. However, in this case the ${LP}_{01}$ threshold changes much more smoothly and, more importantly, shows no strong rise, as there was in the previously analyzed case. The fundamental mode profile is much wider ([Figure 8](#materials-13-02195-f008){ref-type="fig"}e) than in the case without an oxide island. This delivers the additional advantage of lower diffraction.

For the optimal design, where *D* is the largest (which corresponds to the 10.2 µm island in the 10th DBR pair) we have investigated the output power for the increasing input current. The device is not single-mode for its whole range of operation, however, it remains single-mode up to the 3.75 mA, which gives emitted power of 2.9 mW. Although this is not a record value for a 850 nm VCSEL (e.g., when compared to \[[@B11-materials-13-02195]\]), it proves that the oxide island has positive impact on the single-mode mode and we expect it can be improved by tuning design other parameters than the oxide island, which is out of scope of this article.

The input current of 3.75 mA, at which the ${LP}_{11}$ mode appears is higher than its estimated threshold shown in [Figure 6](#materials-13-02195-f006){ref-type="fig"}b (2.17 mA). This is caused by the spatial hole burning effect induced by the ${LP}_{01}$ mode, which was neglected in the earlier calculations. However, it is shown in [Figure 10](#materials-13-02195-f010){ref-type="fig"}a, which presents comparison of the gain profile at 3.75 mA determined neglecting spatial hole burning and with taking it into consideration.

To maintain a single-mode regime, the impact of the oxide island on the optical properties of the laser must be larger than the thermal lensing effect. Up to the input current of 3.75 mA this is indeed the case, as the heating is not significant: around 12 K over ambient temperature of 300 K, as shown in [Figure 10](#materials-13-02195-f010){ref-type="fig"}b. In consequence the radial effective-index distribution of the VCSEL shows a strong change only at the island radius ([Figure 10](#materials-13-02195-f010){ref-type="fig"}c). For comparison, at 15.54 mA, where the laser heats by 70 K, the thermal lensing is strong and the effect of the oxide aperture is reduced (see yellow lines in [Figure 10](#materials-13-02195-f010){ref-type="fig"}b,c). Hence, the laser switches to the multi-mode regime and (as our calculations show) the total emitted power reaches 10 mW.

6. Conclusions {#sec6-materials-13-02195}
==============

The use of an antiresonant, low-refractive-index oxide island, manufactured by the planar oxidation method and located in the top DBR, can affect both the current flow and the lasing conditions of a VCSEL. Placing the island close to the cavity significantly increases current-crowding (for small island diameters) or the differential resistance (for large diameters). However, if the distance between the cavity and the island is more than 6 DBR pairs, both these effects are reduced and, for an island in the 12th DBR pair, they have a negligible impact on the current flow.

In the analyzed laser, the critical point at which the qualitative behavior of the modal loss and threshold gain change seems be at a distance of 12 DBR pairs. With closer islands, there are strong oscillations in the threshold current which increase with the oxide island diameter and diminish with increasing distances between the island and the cavity. The origin of these oscillations is related to the mode profile and the amount of light outside the outer aperture.

The strong impact of the oxide island on the lasing conditions of different-order modes can be tailored to increase modal discrimination and support single-mode operation of the laser.
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![Schematic diagram and layers summary of the analyzed VCSEL. In the image, the active region is marked in red and there are two oxide layers (marked in beige). The outer layer, manufactured classically, is at the edge of the cavity, and the oxide island (shown in full) is in one of the ${Al}_{0.9}$${Ga}_{0.1}$As layers in the top DBR.](materials-13-02195-g001){#materials-13-02195-f001}

![Current density distribution in the active region for several contact-to-contact voltages in a structure without an oxide island. There is some current-crowding at the outer oxidation edges, but only at high voltages. The dashed vertical line indicates the outer oxide aperture radius.](materials-13-02195-g002){#materials-13-02195-f002}

![Current density distribution in the active region for several contact-to-contact voltages and with oxide islands of various sizes in different positions. Each figure caption indicates the island diameter and the number of the top DBR pairs in which it is located, counted from the cavity. Current crowding decreases as the island is moved away from the cavity, but becomes larger as the size of the island increases. Large oxide islands strongly increase structure resistivity. Vertical lines indicate the oxide aperture radii (dashed---outer oxidation radius, solid---the island radius).](materials-13-02195-g003){#materials-13-02195-f003}

![I-V curves for islands located in the 1st, 6th, and 12th DBR pairs for three different oxide island diameters. The impact of the island on structure resistivity is significant if it is close to the cavity and decreases with increasing distance.](materials-13-02195-g004){#materials-13-02195-f004}

![Gain distribution (with spatial hole burning effect neglected) in the active region for several contact-to-contact voltages in a structure with 5 µm (**a**) and 10 µm (**b**,**c**) oxide islands located in the 1st (**a**,**b**) and 12th DBR pair (**c**) compared to the structure with no oxide island at all (thin dashed lines in all plots). The presence of the island influences the gain distribution only if it is located very close to the cavity.](materials-13-02195-g005){#materials-13-02195-f005}

![Dependence of threshold current on the size of the oxide island for several locations in the DBR layers. The position of the island has a strong impact the qualitative behavior of the modes. Below the 12th pair, strong oscillations are visible. A rapid increase in threshold current can be observed for critical island diameters (10 µm and around 5 µm for the ${LP}_{02}$ mode). Dashed gray lines indicate selected parameters for which the optical profiles are analyzed.](materials-13-02195-g006){#materials-13-02195-f006}

![Overlap factor at threshold for the oxide island located in the (**a**) 10th and (**b**) 12th DBR pairs and (**c**) the correlation between the overlap factor and the threshold current for all island distances presented in [Figure 6](#materials-13-02195-f006){ref-type="fig"}. The oscillations of the threshold current are not correlated with the overlap factor.](materials-13-02195-g007){#materials-13-02195-f007}

![Light intensity profiles for selected island positions and sizes. Dashed vertical black lines indicate the outer aperture radius, while the solid gray line shows the island aperture radius. In points where ${LP}_{02}$ has a low threshold current, it is mostly located near the device axis. When it has a strong second-order peak its threshold rises.](materials-13-02195-g008){#materials-13-02195-f008}

![Threshold current differences between the mode with the lowest threshold and that with the next lowest threshold current. The line colors indicate the lowest-threshold mode. For reference, we reproduce threshold currents from [Figure 6](#materials-13-02195-f006){ref-type="fig"}.](materials-13-02195-g009){#materials-13-02195-f009}

![(**a**) Gain profile at 3.75 mA with and without spatial hole burning. (**b**) Temperature profile in the active region for input currents of 3.75 mA and 15.54 mA. (**c**) Effective index distribution for the same input currents. For the lower current, the heating is low and the oxide island has the strongest impact on the effective-index distribution, while for the high current, thermal lensing has strength comparable to that of the oxide island. Visible staircase is a result of the numerical approximations used in our calculations. In all plots, black dashed and solid gray vertical lines indicate the outer aperture and the island radius, respectively.](materials-13-02195-g010){#materials-13-02195-f010}
